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Abstract: Deoxynivalenol (DON) is a common Fusarium toxin in poultry feed. Chickens 
are more resistant to the adverse impacts of deoxynivalenol (DON) compared to other 
species. In general, the acute form of DON mycotoxicosis rarely occurs in poultry flocks 
under normal conditions. However, if diets contain low levels of DON (less than 5 mg 
DON/kg diet), lower productivity, impaired immunity and higher susceptibility to 
infectious diseases can occur. The molecular mechanism of action of DON has not been 
completely understood. A significant influence of DON in chickens is the impairment of 
immunological functions. It was known that low doses of DON elevated the serum IgA 
levels and affected both cell-mediated and humoral immunity in animals. DON is shown to 
suppress the antibody response to infectious bronchitis vaccine (IBV) and to Newcastle 
disease virus (NDV) in broilers (10 mg DON/kg feed) and laying hens (3.5 to 14 mg of 
DON/kg feed), respectively. Moreover, DON (10 mg DON/kg feed) decreased tumor 
necrosis factor alpha (TNF-a) in the plasma of broilers. DON can severely affect the 
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immune system and, due to its negative impact on performance and productivity, can 
eventually result in high economic losses to poultry producers. The present review 
highlights the impacts of DON intoxication on cell mediated immunity, humoral immunity, 
gut immunity, immune organs and pro-inflammatory cytokines in chickens. 

Keywords: deoxynivalenol; Fusarium mycotoxin; immune responses; gut immunity; 
cytokines; poultry 



1. Introduction 

Fusarium mycotoxins frequently contaminate cereal grains, which are the main constituents of 
poultry feeds. Deoxynivalenol (DON) is a mycotoxin produced by Fusarium species. It is considered 
as one of the most important trichothecenes and found in all kinds of grains, such as wheat, rye, barley 
and oats [1]. The chemical structure of DON (Figure 1) is stable and resists low pH levels, and it 
consequently can contaminate the diets of humans and animals, including poultry [2]. 



The adverse impacts of DON mycotoxin on immune function have been documented in 
experimental animals, pigs and poultry and cell culture models. However, it is not completely known, 
how DON modulates the immune responses. It seems likely that DON alters the viability and 
proliferation of immune cells. This, in turn, results in an inhibition of protein biosynthesis and 
alteration of the pro-inflammatory cytokine production [3-5]. 

The impact of DON on the immune system ranges from immunosuppression to immunostimulation, 
according to its concentration, duration and time of exposure [6-8]. Interestingly, low concentrations 
of DON (less than 5 mg/kg feed) seem to be responsible for a stimulation of immunity and high 
concentrations seem to suppress the immune responses [9]. Chronic DON intoxication at high 
concentrations leads to injuries of rapidly and actively dividing cells of immune organs and mucosa of 
the gastrointestinal tract [3]. As with other trichothecenes, protein biosynthesis is inhibited by DON. 
The toxin binds to the 60S subunit of ribosomes. This has been shown to induce a stress response and 
mitogen activated protein kinases (MAPKs) were activated, due to ribosomal conformational changes 
affecting the peptidyl transferase activity of ribosomes. After the induction of cyclooxygenase 2 (COX2), 
prostaglandin levels were elevated. An important activity of MAPKs is their effect on transcription 
factors. Higher expression of nuclear factor kB (NF-kB) induces the expression of proinflammatory 



Figure 1. Chemical structure of deoxynivalenol. 
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cytokines affecting immune reactions in animals [10]. It was clearly known that the signs of DON 
intoxication in experimental animals can be explained by a dysregulation of pathways relevant for cell 
signaling and an impact on genes having relevance for immunological reactions [11]. 

The literature regarding the impact of DON feeding on health and performance traits in poultry 
flocks is contrary [12]. However, the immune dysfunctions due to DON exposure can predispose the 
birds to infectious diseases [4]. DON was shown to suppress the antibody response to infectious 
bronchitis vaccine (IBV) and to Newcastle disease virus in broiler chickens and laying hens, 
respectively [13,14]. Furthermore, DON decreased the concentration of tumor necrosis factor alpha 
(TNF-a) in plasma of broiler chickens [15]. TNF-a is an important cytokine involved in systemic 
inflammation and stimulates the acute phase reaction. DON, therefore, can interfere with production 
of TNF-a from macrophages. The reduction of TNF-a in the plasma after chronic feeding of DON 
in this study is a significant indicator that DON can impair immune function and increase susceptibility 
to infectious diseases. In addition, DON adversely affected the intestinal histomorphology, 
electrophysiology, absorption and barrier function in chickens [16-19]. These toxic effects of DON on 
the immune response and on intestinal functions of chickens are summarized in this review as 
indicators for the adverse effects of DON on poultry health. 

2. Occurrence of DON in Poultry Feed 

Deoxynivalenol (DON) is also called vomitoxin and produced by Fusarium graminearum 
{Gibber ella zeae) and F. culmorum [20]. DON is the most common contaminant of feedstuffs 
worldwide. It was found in cereal grains (wheat, maize, barley, oat and rye and less often in rice, 
sorghum and triticale). DON contaminates mainly corn and wheat, while small grains, such as oats, rye 
and barley, have less DON contamination [21]. Fusarium graminearum and F. culmorum can survive 
in the leaves of the cold season and be a source of infection for the new crop. 

Cool temperatures and high humidity are the environmental conditions that favor the fungal 
development in the field [1,22]. After harvest, fungal infection can also occur in grains in the case of 
improper storage conditions, such as high moisture. After infection of grains, F. graminearum resulted 
in the diseases known as ear rot in corn or head blight in wheat and barley [22]. 

Deoxynivalenol contamination can be noticed when corn kernels ripen prematurely and unevenly 
and have a blanched appearance. At harvest, kernels may show pink color. The natural occurrence 
of DON in grains used for poultry is normally between 0 and 5 mg/kg, although concentrations can 
be higher [1]. However, improved storage conditions (<14% moisture) will minimize further 
elaboration of DON. 

3. Effects on Growth Performance 

Contamination of animal diets with DON can result in great economic losses for animal production. 
In poultry, it was shown that the impact of DON on growth performance is highly variable (Table 1), 
due to differences in strains of poultry and diets used. Chickens are considered to be less sensitive 
compared to other species, especially the pig. This can be attributed to differences in DON absorption, 
distribution, metabolism and elimination [23], in addition to the hypothesis of a protective effect of the 
renal first pass effect, which exists in chickens [24]. The first pass effect is mediated by different 
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gastrointestinal and hepatic enzymes that result in the oxidation, reduction or hydrolysis (phase I 
reactions) and/or conjugation (phase II reactions) of toxins. This metabolism of orally administered 
mycotoxin results in a significant reduction of the amount of un-metabolized DON reaching the 
systemic circulation. Chickens resist DON due to the low level of absorption into plasma and tissues in 
addition to rapid clearance [25]. A limited oral absorption and rapid plasma clearance of DON was 
found in turkeys [26]. The intestinal microflora can convert DON to de-epoxy DON (DOM-1) in 
birds [27,28]. Whereas the degradation of the epoxide group by reductive cleavage of the toxic 12, 
13-epoxy ring is carried out by intestinal microflora in chickens. Awad et al. [16,17] indicated that the 
Eubacterium sp. DSM 11798 was capable of completely compensating for the adverse effect of DON 
in poultry. Furthermore, deoxynivalenol did not accumulate in tissues and eggs [28]. However, in the 
absence of clear clinical symptoms, DON can induce reduced feed intake, which cannot be separated 
from the direct effect of DON contamination itself on immunity, hematology and health parameters [24]. 



Table 1. Effects of deoxynivalenol on performance traits in poultry. 



Deoxynivalenol (mg/kg diet) 
Birds (species and sex) 


Duration of 
exposure (days) 


Performance 
traits 


Reference 


Up to 15 mg/kg diet 
Broiler (male or mixed sex) 


21-42 


No effects on performance 


[16-18,35-41] 


10-15 mg/kg diet 
Broiler (male or mixed sex) 


21-42 


Reduced feed intake, weight gain 
and feed efficiency 


[13,29-31] 


20 mg/kg diet 
Turkey poults (female) 


21 


No effects on performance 


[45] 


2-3 mg/kg 


56 


No effects on performance and 


[42] 


Laying hens (aged 48 weeks) 


egg production 


0.02 mg/kg Lohman 
Brown laying hens 


42 


Reduced feed intake 


[14] 



A reduction in body weight, feed intake and body weight gain of broilers fed diets artificially 
contaminated with 10 mg DON/kg diets was documented by Ghareeb et al. and Awad et al. [13,29]. A 
linear reduction in the feed intake and a slight decrease in body weight gain of broiler chickens fed 
with a diet contaminated with Fusarium mycotoxins, including DON as a major toxin, were found by 
Danicke et al. [30]. Feeding broilers with up to 18 mg of DON /kg reduced body weight gain at the 
third week of life [31]. In laying hens, performance traits were adversely affected by chronic feeding 
of DON [14]. Egg production was negatively affected in hens fed a diet containing sorghum that was 
contaminated with zearalenone (ZON) at a level of 1.1 mg/kg and DON at a level of 0.3 mg/kg [32]. 
The effect in this study was due to the synergistic effect of DON and ZON. 

In Peking ducklings, feed refusal was observed after natural contamination of the diet with 
0.3-1.2 mg DON/kg and 0.01 mg of anatoxin Bl/kg feed [33]. In turkeys, feeding of com contaminated 
with DON up to 10 mg/kg reduced poults body weight gain at the third week of life [31]. Only a slight 
reduction in the body weight gain was found in turkeys when fed increasing proportions of Fusarium 
toxin-deoxynivalenol contaminated wheat (0.10, 1.96, 4.66 and 5.42 mg DON/kg diet) [34]. 

However, some studies failed to notice an adverse effect on performance of poultry, including 
broilers, laying hens, ducklings and turkeys. In broilers, even levels of DON up to 15 mg/kg could not 
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produce an adverse influence on body-weight gain, feed intake or feed efficiency [16-18,35-41]. In 
addition, performance of laying hens, egg production, fertility and hatchability of eggs remained 
unaffected after feeding of 2-3 mg/kg DON [42]. It is reported that DON decreased the small intestinal 
absorption of glucose and amino acids in broilers and laying hens [16,43], which can displace the 
nutrient uptake to the intestinal distal parts. It was shown that chickens can absorb glucose and amino 
acids in the large intestine [44], whereas the absorptive functions may be protected from the negative 
effect of DON. It was reported that DON can be completely transformed to de-epoxy-DON after 
incubating for 96 h with the content of the large intestine of hens [27]. This may explain why DON 
did not strongly influence the performance traits in some studies regarding broilers, laying hens, 
ducklings and turkeys. 

4. Effects on the Immune System and Internal Organs 

Deoxynivalenol is a common inhibitor of protein biosynthesis, binds to peptidyl transferase, inhibits 
the synthesis of RNA and DNA and alters cell membranes. Therefore, tissues of higher protein 
turnover, such as immune organs, liver and small intestine, are adversely altered by DON 
exposure [46]. For example, it was shown that feeding of Peking ducks with an increasing proportion 
of DON contaminated wheat (6-7 mg DON/kg and 0.05-0.06 mg ZON/kg) led to a relative decrease 
of the mass of the bursa of Fabricius [47], which may reduce the production of antibodies. Moreover, 
in ducks, higher heart, liver and pancreas weight were reported after feeding of DON [48], and in 
broilers gizzard, heart and bursa of Fabricius were having a higher weight [49,35]. On the other hand, 
the liver mass was reduced in broilers fed diets containing (9 or 18 mg DON/kg) [49]. 

Gizzard mucosa had small erosions in laying hens fed DON in a very high concentration of 
82.8 mg/kg for about four weeks in addition to higher absolute and relative gizzard weights. This was 
considered as an irritant effect of DON on the mucosa as reported by Lun et al. [50]. In hens, a 
decrease of the weight of the small intestine was observed after Fusarium mycotoxin (0.02 DON and 
0.002 mg ZON/kg) intake, such as Danicke et al. [14]. 

5. Effects on Gut Health 

The gastrointestinal tract (GIT) is considered as an important barrier against toxins and 
contaminants [51], and it has physical, chemical, immunological and microbiological characteristics. 
Intestines are large immune organs and have a broad capability for innate and acquired immune 
reactions against various antigens [52]. 

In broiler chickens, villus atrophy and alteration of villus crypts of broilers were found after feeding 
of either artificial or natural DON contaminated diets [16,17,40], and the structure of duodenal and 
jejunal mucosa was affected in the form of shorter and thinner villi due to DON exposure [41]. Those 
results suggest that DON adversely affects the intestinal digestive and absorptive functions. Contrary 
to that, in ducks [32] and in turkey poults [31,34,45], DON did not affect the intestinal histology. 

The barrier function of the epithelial cell layer is essential for maintaining the mucosal integrity. It 
is mainly provided by tight and adherence junctions of the epithelial cells. Fungal toxins were known 
to affect the barrier function, as shown by Bouhet et al. [53]. The intestinal mucosal integrity can be 
assessed by different methods, for instance, via the measurement of trans-epithelial electrical 



Toxins 2013, 5 



917 



resistance (TEER). DON affected the integrity of intestinal epithelium. The tight junction proteins, 
such as Zonula Occludens (ZO-1), occludin and claudin isoforms are required to maintain the intestinal 
epithelium integrity. Tight junction proteins decrease the transport of moderately small hydrophilic 
molecules by closing the luminal intercellular space. By this, they reduce and regulate the paracellular 
water and substrate transport. 

DON decreased the TEER of a human epithelial cell line in a dose of 10 umol/L [54]. Jejunal 
resistance was elevated after DON exposure (10 ug/mL) in laying hens in vitro, as reported by 
Awad et al. [43]. The increased total tissue resistance after DON exposure can be attributed to a tighter 
epithelium and reduced paracellular permeability to ions. Based on these results, the higher trans-epithelial 
resistance was assumed to be due to the reduced trans-cellular ion transport [43]; however, further 
work would be necessary for a complete characterization. Recently, in Ussing chamber experiments, the 
duodenal tissue resistance (TEER) was lower in chickens receiving DON contaminated feed in a dose 
less than 5 mg/kg diet [55]. 

6. Effects on the Immune Responses 

Deoxynivalenol has negative effects on growth, feed consumption and may induce intestinal 
alterations, neurological and reproductive problems [11]. However, the immune impairment is 
considered as the most important outcome of DON mycotoxicoses [6]. According to the dose, DON 
can stimulate or suppress the immune functions in both farm and experimental animals [6,24,43]. In 
general, high doses of DON alter different arms of the immune system. Decreased cell proliferation, 
higher apoptosis and necrosis of immune cells may explain negative effects on the cellular immune 
response; other findings indicate increased IgA production and higher susceptibility of animals against 
infections, as indicated by Pestka et al. [56]. Deoxynivalenol, like other trichothecenes in low doses, 
promoted the expression of several cytokines and chemokines [57,58]. Cytokine 
mRNA expression was shown to be changed and the reaction patterns included transcriptional and 
post- transcriptional mechanisms [11]. 

It was shown that DON can have both immunostimulatory and immunosuppressive effects 
according to concentration, time and duration of exposure [11]. They are immunotoxic at low dietary 
concentrations, even if there is no alteration of the productivity traits [6,24,43]. Studies of DON 
immunotoxicity have focused primarily on the mouse model, with few investigations on the possible 
effect in humans or domestic animals. Unfortunately, limited information is available regarding the 
immunotoxicity of DON in poultry. Therefore, information from other animal models is useful for 
scientists working in this area, allowing research focused on specific targets. 

6.1. Humoral Immunity 

In chickens, humoral immunity can be either stimulated or impaired by DON and other 
trichothecenes. In poultry, serum antibody titers to common viral vaccines can be useful to evaluate the 
humoral immunotoxicity of DON [30]. The effects of DON on the antibody titers to common vaccines 
are reviewed in Table 2. For instance, in broiler chickens, DON was shown to suppress the vaccination 
response to infectious bronchitis virus (IBV) by Danicke et al. [14] and to Newcastle disease virus 
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(NDV) by Danicke et al. and Harvey et al. [14,59]. Recently, DON was shown to suppress the 
antibody response to infectious bronchitis vaccine (IBV) in broiler chickens [13,60,61]. 



Table 2. Effects of deoxynivalenol on antibody titers to common vaccines in poultry. 
NDV, Newcastle disease virus; IBV, infectious bronchitis vaccine. 



Deoxynivalenol (mg/kg diet) 


Duration of 


Observed 


Reference 


Birds (species and sex) 


exposure (days) 


effects 






NDV increased at week 2 and 4 




Up to 12.21 mg/kg diet 


35 


NDV decreased at week 5 


[60] 


Broiler (male) 


IBV decreased at week 5 
IBV not affected at week 2, 4, 5 


10 mg/kg diet 
Broiler (male) 


35 


IBV decreased at week 5 


ri 31 


3.5-14 mg/kg diet 
Broiler (male) 


35 


NDV decreased 


[30] 


4.7-8.3 mg/kg diet 
Broiler (male) 


14 


IBV not affected 


[38] 


12.6 mg/kg diet 


84 


IBV decreased 


[61] 


Broiler breeder 


NDV not affected 


1 8 mg/kg 
White leghorn chicks 


72 


NDV not affected 


[59] 


12.3 mg/kg 
Laying hens 


112 


NDV decreased 


[14] 



Furthermore, the feeding of contaminated diets with Fusarium mycotoxins to chickens did 
not cause significant changes in serum or bile immunoglobulin concentrations [5]. However, 
Swamy et al. [38] controversially observed that the feeding of contaminated grains with Fusarium 
mycotoxins caused significant linear and quadratic declines in the biliary IgA, but not in serum IgG 
and IgM. In contrast, IgA elevation is obtained as an immunopathological effect of induced cytokine 
upregulation in mice fed DON [62]. Higher values of serum IgA and IgE [63,64], stimulation of IgA 
secreting cells and poly-reactive IgA autoantibody secretion was also observed [65,66]. It was reported 
that the ability of DON to increase poly-clonally IgA-secreting cells can be related to the impact on 
macrophages and T-cells and their regulatory cytokine patterns in vitro [58, 65]. Furthermore, a higher 
biliary IgA level was reported in turkey fed DON [67]. Contrary to this, it was shown that the biliary 
IgA was reduced by DON [38]. Recently, feeding a mixture of mycotoxins, including DON to broiler 
chickens, was shown to reduce IgA, the relative weight of the spleen, the mRNA expression of IFN-y 
and the antibody titers against Newcastle disease [68]. 

6.2. Cellular Immunity 

Deoxynivalenol in high doses resulted in apoptosis of leukocytes, which led to 
immunosuppression [11]. Apoptosis of T-cells, B-cells and IgA+ cells was found after DON exposure 
in vitro [69]. Such results are significant for poultry and other animal species, because the same 
effect was obtained in bone marrow, thymus and Peyer's patches after trichothecene exposure in 
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rodents [69]. Stimulation of macrophages by low doses of trichothecenes induced upregulation of the 
expression of several inflammation related genes, pro-inflammatory cytokines and several 
chemokines [70]. Contrary to this, exposure to Fusarium mycotoxins (T-2 toxin and DON) at higher 
levels was shown to increase apoptosis in macrophages and suppressed the innate immune function [11]. 

Dietary DON alters immune function in laying hens [67]. An important immunotoxic effect was 
seen after dietary inclusion of DON in diets for laying hens and broilers, such as the reduction of white 
blood cell and total lymphocyte numbers [67]. Deoxynivalenol produced genotoxic effects on 
circulating blood lymphocytes [29]. Leukocytes, isolated from chicken spleen, had higher DNA 
fragmentation when animals were exposed to 10 mg DON/kg feed [71]. Mechanistic studies have been 
rarely conducted; the activation of oxidative pathways, the formation of DNA adducts or DNA breaks 
are considered as important in broiler chickens. B-lymphocytes and CD4+ and CD8+ T-lymphocytes 
were decreased [70]. Furthermore, B-cells and T-cells were also decreased after DON feeding in vivo [5]. 

Chronic feeding of 10 mg DON/kg feed to broilers decreased the plasma concentration of 
TNF-a [15], which is an important cytokine released in case of inflammation. TNF-a is produced in 
large amounts in response to lipopolysaccharides (LPS) of bacterial and viral antigens, so that it is 
called LPS-induced TNF. The decreasing level of TNF-a is one of the possible impairment of immune 
function after chronic DON exposure in poultry and could thus increase the susceptibility to infectious 
diseases. However, this hypothesis needs further studies to be confirmed. 

7. Effects on Pro-inflammatory Cytokines 

There is a lack of information about the influences of DON on cytokines in poultry. Most available 
studies were conducted on laboratory animals and on cell lines. DON in lower amounts stimulates the 
upregulation of cytokines and chemokines [72]. The efficacy of DON to alter the expression of 
immune relevant genes for cytokine synthesis in vitro includes transcriptional and posttranscriptional 
mechanisms [73], and protein biosynthesis is negatively affected. DON was shown to stimulate 
cytokine production and induce the abundance of IL-1 mRNA [74]. It was also shown that DON 
(lower than 25 ng/mL in the human U937 monocytic cell line) induced cytokine and chemokine 
expression in human blood monocytes in vitro [75]. Deoxynivalenol upregulated cytokine production 
in murine models in vitro and in vivo [76]. Other experiments indicated that mRNA expression in 
spleen and Peyer's patches was elevated after DON exposure, including TNF-a, IL-lfi, IL-6, IL-12, 
interferon-y (IFN-y), IL-2, IL-4 and IL-10 [77]. Mice had increased levels of mRNA of IL-lfi, IL-6 and 
TNF-a, IFN-y, IL-4 and IL-10 after a single oral dose of 5 and 25 mg/kg body weight [78]. It is 
noteworthy that the induction of different cytokines and chemokines could be the consequence of 
DON induced anorexia. 

The capability of DON to affect the cytokine gene expression is significant information, because 
this can lead to a dysregulation of immune functions. In domestic pigs, lower IL-ip and IL-8 
expressions occurred in blood and ileal tissue after feeding of low doses of DON [8]. Similarly, in 
broiler chickens, splenic mRNA expression of IFN-y was downregulated as a result of chronic feeding 
of naturally contaminated diets with DON and other Fusarium mycotoxin contaminated diets [79]. 
Furthermore, plasma concentration of TNF-a was significantly reduced after chronic exposure to 
10 mg DON/kg diet in 5 wk old broiler chickens [15]. In contrast, interferon-y (IFN-y) gene expression 
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was upregulated in the caecal tonsils of chickens fed Furarium mycotoxins challenged with 
coccidia [80]. In this context, it becomes evident that further research is required to investigate the 
effects of DON on the innate immune response. 

8. Conclusions 

Deoxynivalenol alters the health of poultry through its negative effects on gastrointestinal function 
and dysregulation of the immune system. Several studies showed significant chronic impacts of DON 
in poultry, including reduced feed intake, altered nutrient absorption and impaired immune responses. 
Furthermore, the negative impact of DON on the gut function and immune system together with other 
adverse toxic effects could be an important factor for increasing the susceptibility of poultry flocks to 
infectious diseases. Further research is required to investigate how DON alters signaling pathways, 
humoral and cellular reactions and the innate immune functions. Taking the current knowledge 
together, contamination of diets with DON has a high risk to adversely affect the production and 
health of chickens, and this might be especially relevant in an adverse rearing environment and 
management procedures. 

References 

1. Dersjant-Li, Y.; Verstegen, M.W.A.; Gerrits, W.J.J. The impact of low concentrations of 
aflatoxin, deoxynivalenol or fumonisin in diets on growing pigs and poultry. Nutr. Res. Rev. 2003, 
16, 223-239. 

2. Eriksen, G.S.; Pettersson, FL; Lindberg, J.E. Absorption, metabolism and excretion of 3-acetyl 
DON in pigs. Arch. Tiererndhr. 2003, 57, 335-345. 

3. Desjardins, A.E. Mechanism of Action of Trichothecenes. In Fusarium Mycotoxins: Chemistry, 
Genetics and Biology; APS Press: St. Paul, MN, USA, 2006; pp. 53-54. 

4. Oswald, LP.; Marin, D.E.; Bouhet, S.; Pinton, P.; Taranu, I.; Accensi, F. Immunotoxicological 
risk of mycotoxins for domestic animals. Food Add. Contain. 2005, 22, 354-360. 

5. Swamy, H. V.L.N. ; Smith, T.K.; Karrow, N.A.; Boermans, H.J. Effects of feeding blends of grains 
naturally contaminated with Fusarium mycotoxins on growth and immunological parameters of 
broiler chickens. Poult. Sci. 2004, 83, 533-543. 

6. Bondy, G.S.; Pestka, J.J. Immunomodulation by fungal toxins. J. Toxicol. Environ. Health B 
2000, 3, 109-143. 

7. Pinton, P.; Braicu, C; Nougayrede, J.P.; Laffitte, J.; Taranu, I.; Oswald, LP. Deoxynivalenol 
impairs porcine intestinal barrier function and decreases the protein expression of claudin-4 
through a mitogen-activated protein kinase dependent mechanism. J. Nutr. 2010, 140, 1956-1962. 

8. Becker, C; Reiter, M.; Pfaffl, M.W.; Meyer, H.H.D.; Bauer, J.; Meyer, K.H.D. Expression of 
immune relevant genes in pigs under the influence of low doses of deoxynivalenol (DON). 
Mycotoxin Res. 2011, 27, 287-293. 

9. Pestka, J.J. Deoxynivalenol-induced IgA production and IgA nephropathy-aberrant mucosal 
immune response with systemic repercussions. Toxicol. Lett. 2003, 140, 287-295. 

10. Rocha, O.; Ansari, K.; Doohan, F.M. Effects of trichothecene mycotoxins on eukaryotic cells: A 
review. Food Add. Contam. 2005, 22, 369-378. 



Toxins 2013, 5 



921 



11. Pestka, J. J.; Zhou, H.R.; Moon, Y.; Chung, Y.J. Cellular and molecular mechanisms for immune 
modulation by deoxynivalenol and other trichothecenes: Unraveling a paradox. Toxicol. Lett. 
2004, 153, 61-73. 

12. Eriksen, G.S.; Pettersson, H. Toxicological evaluation of trichothecenes in animal feed. Anim. Feed 
Sci. Technol. 2004, 114, 205-239. 

13. Ghareeb, K.; Awad, W.A.; Bohm, J. Ameliorative effect of a microbial feed additive on infectious 
bronchitis virus antibody titer and stress index in broiler chicks fed deoxynivalenol. Poult. Sci. 
2012, 91, 800-807. 

14. Danicke, S.; Ueberschar, K.H.; Matthes, S.; Halle, I.; Valenta, H.; Flachowsky, G. Effect of 
addition of a detoxifying agent to laying hen diets containing uncontaminated or Fusarium toxin 
contaminated maize on performance of hens and on carryover of zearalenone. Poult. Sci. 2002, 
81, 1671-1680. 

15. Awad, W.A.; Ghareeb, K.; Chimidtseren, S.; Strasser, A.; Hess, M.; Bohm, J. Chronic Effects of 
Deoxynivalenol on Plasma Cytokines and Vaccine Response of Broiler Chickens. In Proceedings 
of the 34th Mykotoxin-Workshops der Ges. fur Mykotoxin Forschung e.V., Braunschweig, 
Germany, 14-16 May 2012; p. 29. 

16. Awad, W.A.; Bohm, J.; Razzazi-Fazeli, E.; Hulan, H.W.; Zentek, J. Effects of deoxynivalenol on 
general performance and electrophysiological properties of intestinal mucosa of broiler chickens. 
Poult. Sci. 2004, 83, 1964-1972. 

17. Awad, W.A.; Razzazi-Fazeli, E.; Bohm, J.; Ghareeb, K.; Zentek, J. Effect of addition of a 
probiotic microorganism to broiler diets contaminated with deoxynivalenol on performance and 
histological alterations of intestinal villi of broiler chickens. Poult. Sci. 2006, 85, 974-979. 

18. Awad, W.A.; Bohm, J.; Razzazi-Fazeli, E.; Zentek, J. Effects of feeding deoxynivalenol 
contaminated wheat on growth performance, organ weights and histological parameters of the 
intestine of broiler chickens. J. Anim. Nutr. Anim. Physiol. 2006, 90, 32-37. 

19. Girgis, G.N.; Barta, J.R.; Brash, M.; Smith, T.K. Morphological changes in the intestine of broiler 
breeder pullets fed diets naturally contaminated with Fusarium mycotoxins with or without 
coccidial challenge. Avian Dis. 2010, 54, 67-73. 

20. Romer Labs' Guide to Mycotoxins. Mycotoxins — An Overview; Richard, J.L., Ed.; Anytime 
Publishing Services: Leicestershire, UK, 2000; Volume 1, pp. 1-48. 

21. CAST, Council for Agricultural Science and Technology. Mycotoxins — Risks in Plant, Animal 
and Human Systems; (Task Force Report, No. 139); Council for Agricultural Science and 
Technology: Ames, IA, USA, 2003; Volume 10, pp. 1-191. 

22. Richard, J.L. Some major mycotoxins and their mycotoxicoses — An overview. Int. J. Food 
Microb. 2007, 119, 3-10. 

23. Pestka, J.J.; Smolinski, A.T. Deoxynivalenol: Toxicology and potential effects on humans. 
J. Toxicol. Environ. Health. B 2005, 8, 39-69. 

24. Rotter, B.; Prelusky, D.B.; Pestka, J.J. Toxicology of deoxynivalenol. J. Toxicol. Environ. Health 
1996, 48, 1-34. 

25. Prelusky, D.B.; Hamilton, R.M.; Trenholm, H.L.; Miller, J.D. Tissue distribution and excretion of 
radioactivity following administration of 14C-labeled deoxynivalenol to White Leghorn hens. 
Fundam. Appl. Toxicol. 1986, 7, 635-645. 



Toxins 2013, 5 



922 



26. Gauvreau, H.C. Toxicokinetic, Tissue Residue, and Metabolic Studies of Deoxynivalenol 
(Vomitoxin) in Turkeys. Master thesis, Simon Fraser University, Vancouver, Canada, 2000. 

27. He, P.; Young, L.G.; Forsberg, C. Microbial transformation of deoxynivalenol (vomitoxin). 
Appl. Environ. Microbiol. 1992, 58, 3857-3863. 

28. Lun, A.K.; Moran, E.T., Jr.; Young, L.G.; McMillan, E.G. Absorption and elimination of an oral 
dose of 3H-deoxynivalenol in colostomized and intact chickens. Bull. Environ. Contam. Toxicol. 
1989, 42, 919-925. 

29. Awad, W.A.; Ghareeb, K.; Dadak, A.; Gille, L.; Staniek, K.; Hess, M.; Bohm, J. Genotoxic effects of 
deoxynivalenol in broiler chickens fed with low protein diets. Poult. Sci. 2012, 91, 550-555. 

30. Danicke, S.; Matthes, S.; Halle, I.; Ueberschar, K.H.; Doll, S.; Valenta, H. Effects of graded levels of 
Fusarium toxincontaminated wheat and of a detoxifying agent in broiler diets on performance, 
nutrient digestibility and blood chemical parameters. Br. Poult. Sci. 2003, 44, 1 13-126. 

31. Xu, L.; Eicher, S.D.; Applegate, T.J. Effects of increasing dietary concentrations of corn naturally 
contaminated with deoxynivalenol on broiler and turkey poult performance and response to 
lipopolysaccharide. Poult. Sci. 2011, 90, 2766-2774. 

32. Branton, S.L.; Deaton, J.W.; Hagler, W.M.; Maslin, W.R., Jr.; Hardin, J.M. Decreased egg 
production in commercial laying hens fed zearalenone- and deoxynivalenol-contaminated grain 
sorghum. Avian Dis. 1989, 33, 804-808. 

33. Davis, G.S.; Anderson, K.E.; Parkhurst, C.R.; Rives, D.V.; Hagler, W.M. Mycotoxins and feed 
refusal by pekin ducks. J. Appl. Poult. Res. 1994, 3, 190-192. 

34. Danicke, S.; Valenta, H.; Ueberschar, K.H.; Matthes, S. On the interactions between Fusarium 
toxin-contaminated wheat and non-starch-polysaccharide hydrolysing enzymes in turkey diets on 
performance, health and carry-over of deoxynivalenol and zearalenone. Br. Poult. Sci. 2007, 48, 
39-48. 

35. Kubena, L.F.; Edrington, T.S.; Harvey, R.B.; Phillips, T.D.; Sarr, A.B.; Rottinghaus, G.E. 
Individual and combined effects of fumonisin Bl present in Fusarium moniliforme culture 
material and diacetoxyscirpenol or ochratoxin A in turkey poults. Poult. Sci. 1997, 76, 256-264. 

36. Harvey, R.B.; Kubena, L.F.; Rottinghaus, G.E.; Turk, J.R.; Casper, H.H.; Buckley, SA. 
Moniliformin from Fusarium fujikuroi culture material and deoxynivalenol from naturally 
contaminated wheat incorporated into diets of broiler chicks. Avian Dis. 1997, 41, 957-963. 

37. Leitgeb, R.; Lew, H.; Wetscherek, W.; Bohm, J.; Quinz, A. Influence of fusariotoxins on growing 
and slaughtering performance of broilers. Aust. J. Agric. Res. 1999, 50, 57-66. 

38. Swamy, H.V.L.N.; Smith, T.K.; Cotter, P.F.; Boermans, H.J.; Seftons, A.E. Effects of feeding 
blends of grains naturally contaminated with Fusarium mycotoxins on production and metabolism 
in broilers. Poult. Sci. 2002, 81, 966-975. 

39. Li, Y.D.; Verstegen, M.W.A.; Gerrits, W.J.J. The impact of low concentrations of aflatoxin, 
deoxynivalenol or fumonisin in diets on growing pigs and poultry. Nutr. Res. Rev. 2003, 16, 
223-239. 

40. Awad, W.A.; Hess, M.; Twaruzek, M.; Grajewski, J.; Kosicki, R.; Bohm, J.; Zentek, J. The 
impact of the Fusarium mycotoxin deoxynivalenol on the health and performance of broiler 
chickens. Int. J. Mol. Sci. 2011, 12, 7996-8012. 



Toxins 2013, 5 



923 



41. Awad, W.A.; Vahjen, W.; Aschenbach, J.R.; Zentek, J. A diet naturally contaminated with the 
Fusarium mycotoxin deoxynivalenol (DON) downregulates gene expression of glucose 
transporters in the intestine of broiler chickens. Livest. Sci. 2011, 140, 72-79. 

42. Keshavarz, K. Corn contaminated with deoxynivalenol: Effects on Performance of poultry. 
J. Appl. Poult. Res. 1993, 2, 43-50. 

43. Awad, W.A.; Rehman, H.; Bohm, J.; Razzazi-Fazeli, E.; Zentek, J. Effects of luminal 
deoxynivalenol and L-proline on electrophysiological parameters in the jejunums of laying hens. 
Poult. Sci. 2005, 84, 928-932. 

44. Bindslev, N.; Hirayama, B.A.; Wright, E.M. Na/D-glucose cotransport and SGLT1 expression in 
hen colon correlates with dietary Na+. Comp. Biochem. Physiol. A 1997, 118, 219-227 '. 

45. Morris, CM.; Li, Y.C.; Ledoux, D.R.; Bermudez, A.J.; Rottinghaus, G.E. The individual and 
combined effects of feeding moniliformin, supplied by Fusarium fujikuroi culture material, and 
deoxynivalenol in young turkey poults. Poult. Sci. 1999, 78, 1 110-1 115. 

46. Feinberg, B.; Mclaughlin, C.S. Biochemical Mechanism of Action of Trichothecene Mycotoxins. 
In Trichothecene Mycotoxicosis: Pathophysiologic Effects; Beasley, V.R., Ed.; CRC Press: 
Boca Raton, FL, USA, 1989; Volume I, pp. 27-35. 

47. Danicke, S.; Ueberschar, K.H.; Valenta, FL; Matthes, S.; Matthaus, K.; Halle, I. Effects of graded 
levels of Fwsarz'Mm-toxin-contaminated wheat in Pekin duck diets on performance, health and 
metabolism of deoxynivalenol and zearalenone. Br. Poult. Sci. 2004, 45, 264-272. 

48. Cheng, Y.H.; Chang, M.H.; Lin, Y.A.; Wu, J.F.; Chen, B.J. Effects of deoxynivalenol and 
degradation enzyme on growth performance and immune responses in mule ducks. J. Anim. 
Feed Sci. 2004, 13, 275-287. 

49. Kubena, L.F.; Swanson, S.P.; Harvey, R.B.; Fletcher, O.J.; Rowe, L.D.; Phillips, T.D. Effects of 
feeding deoxynivalenol (vomitoxin)-contaminated wheat to growing chicks. Poult. Sci. 1985, 64, 
1649-1655. 

50. Lun, A.K.; Young, L.G.; Moran, J.E.T.; Hunter, D.B.; Rodriguez, J.P. Effects of feeding hens a 
high level of vomitoxin-contaminated corn on performance and tissues residues. Poult. Sci. 1986, 
65, 1095-1099. 

51. Bouhet, S.; Hourcade, E.; Loiseau, N.; Fikry, A.; Martinez, S.; Roselli, M.; Galtier, P.; 
Mengheri, E.; Oswald, LP. The mycotoxin fumonisin Bl alters the proliferation and the barrier 
function of porcine intestinal epithelial cells. Toxicol. Sci. 2004, 77, 165-171. 

52. Hughes, R.J. An integrated approach to understanding gut function and gut health of chickens. 
Asia Pac. J. Clin. Nutri. 2005, 14, S27. 

53. Bouhet, S.; Oswald, LP. The effects of mycotoxins, fungal food contaminants, on the intestinal 
epithelial cell-derived innate immune response. Vet. Immunol. Immunopathol. 2005, 108, 199-209. 

54. Maresca, M.; Mahfoud, R.; Garmy, N.; Fantini, J. The mycotoxin deoxynivalenol affects nutrient 
absorption in human intestinal epithelial cells. J. Nutr. 2002, 132, 2723-2731. 

55. Gunther, A.; van Immerseel, F.; Pasmans, F.; Ducatelle, R.; Haesebrouck, F.; Timbermont, L.; 
Verlinden, M.; Janssens, G.; Eeckhout, M.; de Saeger, S.; et al. Deoxynivalenol Predisposes for 
Necrotic Enteritis by Affecting the intestinal Barrier in Broilers. In Proceedings of the 
International Poultry Scientific Forum, Georgia World Congress Center, Atlanta, GA, USA, 
28-29 January 2013; pp. 9-10. 



Toxins 2013, 5 



924 



56. Pestka, J.J.; Bondy, G.S. Alteration of immune function following dietary mycotoxin exposure. 
Can. J. Physiol. Pharmacol. 1990, 68, 1009-1016. 

57. Dong, W.; Azcona Olivera, J.I.; Brooks, K.H.; Linz, J.E.; Pestka, J.J. Elevated gene expression 
and production of interleukins 2, 4, 5 and 6 during exposure to vomitoxin (deoxynivalenol) and 
cycloheximide in the EL-4 thymoma. Toxicol. Appl. Pharmacol. 1994, 127, 282-290. 

58. Warner, R.L.; Brooks, K.; Pestka, J.J. In vitro effects of vomitoxin (Deoxynivalenol) on 
lymphocyte function: Enhanced interleukin production and help for IgA secretion. Food Chem. 
Toxicol. 1994, 32, 617-625. 

59. Harvey, R.B.; Kubena, L.F.; Huff, W.E.; Elissalde, M.H.; Phillips, T.D. Heamatological and 
immunological toxicity of deoxynivalenol-contaminated diets to growing chickens. Bull. Environ. 
Contam. Toxicol. 1991, 40, 410-416. 

60. Yunus, A.W.; Ghareeb, K.; Twaruzek, M.; Grajewski, J.; Bohm, J. Deoxynivalenol as a 
contaminant of broiler feed: Effects on bird performance and response to common vaccines. 
Poult. Sci. 2012, 91, 844-851. 

61. Yegani, M.; Smith, T.K.; Leeson, S.; Boermans, H.J. Effects of feeding grains naturally 
contaminated with Fusarium mycotoxins on performance and metabolism of broiler breeders. 
Poult. Sci. 2006, 85, 1541-1549. 

62. Pestka, J.J.; Moorman, M A.; Warner, R.L. Dysregulation of IgA production and IgA nephropathy 
induced by the trichothecene vomitoxin. Food Chem. Toxicol. 1989, 27, 361-368. 

63. Dong, W.; Sell, J.E.; Pestka, J.J. Quantitative assessment of mesangial immunoglobulin A (IgA) 
accumulation, elevated circulating IgA immune complexes, and hematuria during vomitoxin-induced 
IgA nephropathy. Fundam. Appl. Toxicol. 1991, 17, 197-207. 

64. Dong, W.; Pestka, J.J. Persistent dysregulation of IgA production and IgA nephropathy in the 
B6C3F1 mouse following withdrawal of dietary vomitoxin (deoxynivalenol). Fundam. Appl. 
Toxicol. 1993, 20, 38-47. 

65. Bondy, G.S.; Pestka, J.J. Dietary exposure to the trichothecene vomitoxin (Deoxynivalenol) 
stimulates terminal differentiation of Peyer's patch B cells to IgA secreting plasma cells. 
Toxicol. Appl. Pharmacol. 1991, 108, 520-530. 

66. Rasooly, L.; Pestka, J.J. Polyclonal autoreactive IgA increase and mesangial deposition during 
vomitoxin induced IgA nephropahty in the BALB/c mouse. Food Chem. Toxicol. 1994, 32, 
329-336. 

67. Chowdhury, S.R.; Smith, T.K.; Boermans, H.J.; Woodward, B. Effects of feed-borne Fusarium 
mycotoxins on hematology and immunology of laying hens. Poult. Sci. 2005, 84, 1841-1850. 

68. Li, Z.; Yang, Z.B.; Yang, W.R; Wang, S.J.; Jiang, S.Z.; Wu, Y.B. Effects of feed-borne 
Fusarium mycotoxins with or without yeast cell wall adsorbent on organ weight, serum biochemistry, 
and immunological parameters of broiler chickens. Poult. Sci. 2012, 91, 2487-2495. 

69. Pestka, J.J.; Yan, D.; King, L.E. Flow cytometric analysis of the effects of in vitro exposure to 
vomitoxin (deoxynivalenol) on apoptosis in murine T B and IgA+ cells. Food Chem. Toxicol. 
1994, 32, 1125-1136. 

70. Islam, Z.; Nagase, M.; Ota, A.; Ueda, S.; Yoshizawa, T.; Sakato, N. Structure-function 
relationship of T-2 toxin and its metabolites in inducing thymic apoptosis in vivo in mice. 
Biosci. Biotechnol. Biochem. 1998, 62, 1492-1497. 



Toxins 2013, 5 



925 



71. Frankic, T.; Pajk, T.; Rezar, V.; Levart, A.; Salobir, J. The role of dietary nucleotides in reduction 
of DNA damage induced by T-2 toxin and deoxynivalenol in chicken leukocytes. Food Chem. 
Toxicol. 2006, 44, 1838-1844. 

72. Yan, D.; Zhou, H.R.; Brooks, K.H.; Pestka, J.J. Potential role for IL-5 and IL-6 in enhanced IgA 
secretion by Peyer's patch cells isolated from mice acutely exposed to vomitoxin. Toxicology 
1997, 122, 145-158. 

73. Ouyang, Y.L.; Azcona Olivera, J.I.; Murtha, J.M.; Pestka, J.J. Vomitoxin mediated IL2, IL4 and 
IL5 superinduction in murine CD4+ T cells stimulated with phorbol ester calcium ionophore: 
Relation to kinetics of poliferation. Toxicol. Appl. Pharmacol. 1996, 138, 324-334. 

74. Miller, K.; Atkinson, HA. The in vitro effects of trichothecenes on the immune system. 
Arch. Toxicol. 1987, 11, 321-324. 

75. Islam, Z.; Gray, J.S.; Pestka, J.J. p38 mitogen-activated protein kinase mediates IL-8 induction by 
the ribotoxin deoxynivalenol in human monocytes. Toxicol. Appl. Pharmacol. 2005, 213, 
235-244. 

76. Wong, S.S.; Zhou, H.R.; Marin-Martinez, M.L.; Brooks, K.; Pestka, J.J. Modulation of IL-1, IL-6 
and TNF- secretion and mRNA expression by the trichothecene vomitoxin in the RAW 264.7 
murine macrophage cell line. Food Chem. Toxicol. 1998, 36, 409-419. 

77. Azcona-Olivera, J.I.; Ouyang, Y.L.; Warner, R.L.; Linz, J.E.; Pestka, J.J. Effects on vomitoxin 
(Deoxynivalenol) and cyclohexamide on IL-2, 4, 5 and 6 secretion and mRNA levels in murine 
CD4+ cells. Food Chem. Toxicol. 1995, 33, 433-441. 

78. Zhou, H.R.; Yan, D.; Pestka, J.J. Differential cytokine mRNA expression in mice after oral 
exposure to the trichothecene vomitoxin (Deoxynivalenol): Dose response and time course. 
Toxicol. Appl. Pharmacol. 1997, 144, 294-305. 

79. Li, Z.; Yang, Z.B.; Yang, W.R; Wang, S.J.; Jiang, S.Z.; Wu, Y.B. Effects of feed-borne Fusarium 
mycotoxins with or without yeast cell wall adsorbent on organ weight, serum biochemistry, and 
immunological parameters of broiler chickens. Poult. Sci. 2012, 91, 2^%l-2^5. 

80. Girgis, G.N.; Shayan, S.; Barta, J.R.; Boermans, H.J.; Smith, T.K. Immunomodulatory effects of 
feed-borne Fusarium mycotoxins in chickens infected with Coccidia. Exp. Biol. Med. 2008, 233, 
1411-1420. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



